In tropical ecosystems, access to nitrogen (N) and phosphorus (P) limits the decomposition rate of leaflitter. Leaf-litter ants are abundant in this microhabitat and present a wide variety of diets. Our aim was to study the response of various ant trophic groups to an increased nutrient availability which boosts the decomposition of their habitat and selectively affects the abundance of their prey.
Introduction
In tropical Brown Food Webs (BFW) (Kaspari, 2004) , leaf-litter decomposing microbes (fungi and bacteria) are grazed by microbivores, such as collembolans and oribatid mites (Moore et al., 1988) , which in turn are consumed by several predator taxa: mesostigmatid mites (Uropodina and Gamasina), Arachnida (spiders, pseudoscorpions, opiliones), predatory beetles (e.g. Staphylinidae) and ants (Schaefer, 1990; Schneider and Maraun, 2009 ). Leaf-litter constitutes thus both the habitat and the food reservoir of leaf-litter ants, and it has been shown that an experimental increase of food resource leads to higher decomposition rate, and, subsequently, to the destruction of the habitat for ants (Shik and Kaspari, 2010) . However, there is a large diversity of dietary habits among litter ants, from fungus growers to specialized trap-jaw predators, honeydew tenders or omnivorous genera such as Pheidole and Solenopsis (Blüthgen and Feldhaar, 2010) , and it is not known how the different ant trophic groups respond to an increase of food resource availability, and whether they are more limited by habitat or by food availability. In this study, we performed a 6-month nutrient addition experiment to evaluate the importance of bottom-up forces in the BFW and to study the response of several taxa of the BFW, including ants according to their trophic habits.
The decomposition of leaf-litter (i.e. the rate of detritus conversion into microbial biomass) is limited by access to nutrients. Soil and litter microorganisms are generally assumed to be limited by the availability of carbon (C) and nitrogen (N) (Gallardo and Schlesinger, 1994; Demoling et al., 2007) . There is also evidence that phosphorus (P) limits leaf-litter decomposition in tropical forests (Hobbie and Vitousek, 2000; Kaspari et al., 2008a) for two reasons: weathered tropical soils are phosphorus-deficient (Vitousek and Sanford, 1986) , and fast-growing microbes with high titers of P-rich ribosomes are very demanding for P (Elser et al., 1996) . The effect cascades upwards as an increased proportion of phosphorus in decomposing litter increases the abundance of microbivores (Kaspari et al., 2008a; ). Enriquez et al. (1993) have highlighted a positive relationship between plant decomposition rates and N and P concentrations in litter. Furthermore, according to the Structural Elements Hypothesis (Sterner and Elser, 2002) , the nitrogen content of litter limits the growth and abundance of silk-spinning invertebrates (spiders, mesostigmatid mites and pseudoscorpions), as the demand for this element is very high for these taxa (Xu and Lewis, 1990) . Kaspari et al. (2008a) have shown that the availability of potassium, sodium and other micronutrients also play a role in cellulose and leaf-litter decomposition rates.
Experimental additions of nutrients have demonstrated that microbial activity is nutrient limited, both in temperate and tropical forests (Scheu and Schaefer, 1998; Krashevska et al., 2010) . Additions of C (as glucose), N and P lead to both higher microbial biomass and respiration. Some of these experiments aim at increasing the availability of resources (microorganisms) for the microbivores and their predators and to observe changes in their density in order to evaluate the strength of "bottom-up" forces (Maraun et al., 2001; Milton and Kaspari, 2007) . However, increased resource availability may have diverse effects on microbivores. Glucose application had positive effects on collembolan growth when enhancing microbial activity (Kaneda and Kaneko, 2004) , but none of the animal groups studied by Scheu and Schaefer (1998) showed a response parallel to that of the microorganisms. Maraun et al. (2001) reported that the responses of microorganisms, mesofauna and macrofauna to nutrient additions differed one from another, suggesting differential limitation of soil and litter biota.
Moreover, the absence of numerical response to resource supplementation is not necessarily due to the absence of either trophic linkage or bottom-up control (Oelbermann et al., 2008) . Indeed, any increase in microbial activity leads to the destruction of the litter habitat as detritus is converted into microbial biomass and CO 2 (Kaspari et al., 2008a; ). This supports the Ecosystem Size Hypothesis (Post et al., 2000) predicting that larger predators will be disproportionately limited by habitat relative to their prey. In the particular case of leaf-litter ants, it has been shown that higher resource availability enhances microbial activity and finally leads to the destruction of habitat, becoming thus limiting for ants (Shik and Kaspari, 2010) .
Three resource addition experiments conducted in the tropics (McGlynn, 2006; McGlynn et al., 2010; Shik and Kaspari, 2010) have been performed by adding dead insects to the plots, but not all the ants are predators. Few BFW studies include ants (but see Milton and Kaspari, 2007; Shik and Kaspari, 2010) , and neither nutrient addition experiments nor BFW studies have ever distinguished trophic groups among litter ants. In this regard, stable isotopes are a useful tool for determining trophic habits of animals, since the combined measurement of N and C stable isotope ratios in animal tissue provides a time integrated and detailed information on their diet and trophic position. (Post, 2002; Maraun et al., 2008 Maraun et al., , 2011 . In this study, our objectives were (a) to determine, through an isotopic approach (d 15 N signature), the number of trophic levels that are occupied by leaf-litter ants in a tropical BFW, and to determine their trophic positions relative to other taxa of the litter fauna; (b) by performing nutrient addition experiments, to evaluate the effect of increased food availability on the density of various actors of the BFW, at different levels: grazing mesofauna, predatory mesofauna, ants and non-ant macrofauna; (c) to study how food flows from microbes to predators through the BFW, by tracing carbon fluxes using an isotopically distinct carbon source (cane sugar) in the nutrient addition; (d) to study the response of the ants according to their trophic group and to determine which factor is more limiting for leaf-litter ants: prey availability or volume of microhabitat. We tested the Ecosystem Size Hypothesis (Post et al., 2000) predicting that predators will be disproportionately limited by habitat relative to their prey. We verified whether leaf-litter ants respond differentially to nutrient addition treatments, with predatory ants being particularly affected by habitat loss.
Materials and methods

Study site
The study was conducted in Copalinga (4.0912 S, 78.9607 W), a privately owned reserve on the eastern slope of the Ecuadorian Andes, 1000 m a.s.l. This secondary forest is next to Podocarpus National Park. High precipitations occur from February to June, while August to December is drier (average annual rainfall: 2000 mm AE 387 SD; average annual temperature: 22.3 C AE 0.9 SD; C. Vits, pers. comm., period: 2003e2011).
Nutrient addition
We delineated twenty-four 2 Â 2 m plots: 8 control, 8 CNenriched and 8 CNP-enriched plots. We added the carbon and nutrients as CN and CNP combinations, as it has been shown by Krashevska et al. (2010) that, in tropical forests, saprophytic fungi are mainly limited by C and N, and bacteria by P (with a maximum microbial biomass reached in CNP treatments). Carbon and nutrients were added every two months (overall 3 applications) (C ¼ 380 g m À2 ; N ¼ 7 g m À2 ; P ¼ 0.6 g m À2 per application). The total amount added was equivalent to 5 times the annual input of these elements by litterfall (Sandmann, 2007; Krashevska et al., 2010) . The carbon source was cane sugar (saccharose from a C4 plant), the nitrogen source was ammonium nitrate (NH 4 NO 3 ) and the phosphorus was provided as sodium phosphate (Na 2 HPO 4 ). During each application, the plots were sprinkled with nutrients and 4 L of rain water to initiate dissolution. Plots sprinkled with rain water only served as control.
Sampling design
Six months after the first nutrient application, we extracted the litter fauna by using the two most adapted methods according to the size of the organisms studied.
The leaf-litter mesofauna (0.1e2 mm, Swift et al., 1979) was extracted from soil cores. Two soil cores were collected inside each plot (50 cm from the border, one east, the other west) with a soil corer (ø 5.3 cm), only the upper 5 cm of organic layer was used for mesofauna extraction. The mobile soil mesofauna (Collembola, Oribatida, Gamasina, Uropodina) was extracted by heat using a modified high gradient extractor (Macfadyen, 1961) for 4 days. The specimens from the two samples per plot were pooled (n ¼ 8 per treatment).
The macrofauna (ants and non-ants) (>2 mm, Swift et al., 1979) were extracted from the leaf-litter using mini-Winkler extractors during 48 h. In each plot, only the central 2 m 2 were collected in order to avoid border effects (n ¼ 8 per treatment). All specimens were conserved in a saturated NaCl solution and stored at À18 C until identification and further processing. Salted water preserves N and C isotopic ratios (unlike ethanol, which modifies the 13 C/ 12 C ratio) (Ponsard and Amlou, 1999; Tillberg et al., 2006) .
The effect of nutrient addition on the leaf-litter fauna density was studied on the meso-and macrofauna (ants and non-ants).
Isotopic analysis
We determined the trophic position of leaf-litter taxa by measuring their d 15 N and d
13
C signatures. The limits between the different trophic levels were calculated in relation to the d 15 N signature of a baseline, Graffenrieda emarginata (Ruiz & Pav.), Melastomataceae, one of the most frequent trees on the nutrientpoor organic soil in Southern Ecuador (Haug et al., 2004) . We selected the 10 most abundant taxa of the mesofauna (representing 75.9% of the collected individuals) for isotopic analysis and 20 species of leaf-litter ants (Table 1 ). The 20 ant species were selected on the basis of three criteria: 1) their high abundance, only species present in at least three plots of a same treatment were selected (to allow replicated measurement); 2) their presence in at least three control plots (to allow comparisons with the treated plots); 3) their belonging to distinct trophic groups (honeydew tenders/nectar eaters, generalist predators or omnivores, specialized predators, fungus or yeast eaters) (Davidson et al., 2003; Davidson, 2005; Ryder Wilkie et al., 2010) to have the largest possible range of isotopic signatures.
Whole ant worker bodies were analyzed, without removing the abdomen (Davidson, 2005) . The possible bias induced by this procedure (Tillberg et al., 2006) Between 1 and 31 ant workers, and between 1 and 121 mesofauna individuals were pooled into tin capsules to obtain a sufficient amount of material for both C and N stable isotope ratio analysis. Then the samples were dried at 60 C for 24 h, weighed and stored in a desiccator until analysis (n ¼ 2 or 3 replicates with individuals from distinct plots). Samples were analyzed with an elemental analyzer (NA 1500, Carlo Erba, Milan, Italy) coupled to a mass spectrometer (Finnigan MAT 251, Bremen, Germany 
Carbon fluxes
In both CN-and CNP-treatments, carbon was added as cane sugar (saccharose). Since sugarcane is a C4 plant, it has a higher d 13 C signature (À13&) than the C3 plants present at the study site (À27& on average) (Martinelli et al., 2002; Tiunov, 2007) . We used this isotopic difference to evaluate the relative contribution of added sugar to animal tissue carbon, and to trace the flux of added carbon through the food web. We calculated the relative contribution of cane sugar carbon to animal tissue carbon (f) using a simple mixing model (Tiunov, 2007) :
We measured the relative contribution of the added carbon into the tissue of mesofauna grazers (Oribatida and Collembola), mesofauna predators (Gamasina and Uropodina) and ants. We segregated the analyzed ant species in 5 trophic groups: nectar eaters/ honeydew tenders, fungus growers, omnivores, large predators and small predators (based on their d
15 N signature and a data survey of the literature, see Ryder Wilkie et al., 2010; Davidson, 2005; Davidson et al., 2003) .
Results
Trophic position of BFW taxa
The average d 15 N signatures of the animals ranged between À0.43 and 9.88& (Fig. 1) . Trophic levels were plotted relative to the d 15 N signature of G. emarginata (À1.15 AE 0.13& SD) as basal resource (Illig et al., 2005) . Assuming that two trophic levels are separated by a difference of AE3. 
Response to the nutrient addition experiment
Carbon fluxes in the BFW
We distinguished 4 groups among the mesofauna: Oribatida, Collembola, Gamasina and Uropodina (the two first are grazers, the last two are predators). 19e62% of the constitutive carbon of oribatid mites came from the sugar input; 27e47% for Collembola; 21e62% for Uropodina; and the highest values, 60e72%, for Gamasina (Fig. 2a) .
We segregated ants in 5 trophic groups: fungus eaters, honeydew tenders or nectar eaters, omnivores, large predators and small predators. Fungus-growing ants did not integrate carbon of cane sugar origin. Between 2 and 22% of the constitutive carbon of large predators and 0e25% of that of nectar/honeydew eaters originated from the sugar input; these values ranged between 0 and 50% for the omnivores and between 17 and 60% for small predators (Fig. 2b) .
Response of microorganisms and leaf-litter fauna
The litter volume was on average 25% and 28% lower in þCN and þCNP plots than in control (1.44 AE 0.74 l/m 2 ; 1.39 AE 0.6 l/m 2 and 1.93 AE 0.76 l/m 2 in þCN, þCNP and control plots respectively) (ANOVA: F 2,93 ¼ 5.587, p ¼ 0.005; post-hoc LSD: p ¼ 0.007 and p ¼ 0.003, n ¼ 32, for þCN and þCNP plots respectively). The increase of mesofauna density (all taxa pooled) with nutrient addition was not significant in CN-enriched plots (p ¼ 0.139) and significant in CNP-enriched plots compared to control (Dunnett's test, n ¼ 8, p ¼ 0.048). Among the grazers, Oribatida density did not change with the treatments, but the density of collembolans increased significantly in CNP-enriched plots compared to control (Dunnett's test, n ¼ 8, p ¼ 0.002). Among the predators of the mesofauna (Mesostigmata), the density of Gamasina increased significantly in both CN-and CNP-enriched plots compared to control (Dunnett's test, n ¼ 8, p ¼ 0.013 and 0.026 respectively) but not that of Uropodina (ANOVA: F 2,21 ¼ 1.199, p ¼ 0.321) (Fig. 3a) .
We distinguished 5 trophic groups among leaf-litter ants: nectar or honeydew eaters, omnivores, fungus or yeast growers, predators and specialized predators (trap-jaw ants) ( Table 1) . We observed a differential response among ant trophic groups. Omnivores, fungus/yeast growers and nectar/honeydew eaters have not been affected by nutrient additions. By contrast, we observed a significant decrease of the densities of predatory ant species, both in CNand CNP-enriched plots compared to control: all predatory species pooled (Dunnett's test, n ¼ 8, p ¼ 0.0005 and 0.002 for CN and CNP treatments respectively), and trap-jaw ants only (Dunnett's test, n ¼ 8, p ¼ 0.009 for CN treatment) (Fig. 3b) .
We also studied the effect of nutrient addition on the density of non-ant arthropods from the leaf-litter macrofauna: two omnivore taxa (Blattodea and Dermaptera), and two predator taxa, Arachnida (i.e. Pseudoscorpiones, Opiliones, Araneae) and predatory beetles (i.e. Staphylininae, Pselaphinae, Scydmaeninae). Blattodea density did not change with the treatments (ANOVA: F 2,21 ¼ 1.504, p ¼ 0.245), but Dermaptera densities were significantly higher in CN-enriched plots (Dunnett's test, n ¼ 8, p ¼ 0.005) and marginally significant in CNP-enriched plots compared to control (p ¼ 0.06). Neither Arachnid nor predatory Coleoptera density changed with treatments. The non-ant macrofauna density (all taxa pooled) did not increase with treatments (Fig. 3c) .
Discussion
Trophic position of BFW taxa
The d
15 N values of the mesofauna taxa and ant species spanned over 10.32 d units. This is similar to the range of signatures measured by Sandmann (2007) in a litter food web (11.1 d units), in a study conducted in the same region as ours but at a higher analyzed spanned over 10.30 d units, which is close to the value of 9.5 found by Davidson et al. (2003) in a Peruvian ant assemblage. We distinguished 4 trophic levels, which is consistent with the number of trophic levels commonly observed in terrestrial food webs -between 3 and 4 -in both tropical and temperate systems (Scheu and Falca, 2000; Illig et al., 2005; Maraun et al., 2011) . This suggests that the number of trophic levels is not determined by the productivity and energy flow, but that it is rather limited by the low energy-use efficiency of consumers in detrital systems (Illig et al., 2005) . We did not analyze the isotopic signature of non-ant predators from the macrofauna, such as spiders and predatory beetles, but we assume that they are part of the third trophic level, according to Sandmann (2007) who conducted a similar study in the Ecuadorian Andes. A fifth trophic level could be constituted by scavengers, if they were included in our study. Indeed, Oelbermann and Scheu (2010) 
Response of the leaf-litter organisms to the nutrient addition experiment
One of the main goals of this study was to study the response of leaf-litter ants to an increased availability of prey, by adding resources without modifying the habitat (in contrast with litter addition experiments, see Ponge et al., 1993; McGlynn, 2006) . However, the manipulations of our study ultimately also resulted in alterations of habitat volume. At the end of the experiment, the amount of litter in the plots was lower in both CN and CNP treatments, probably due to increased microbial activity in enriched plots, as shown in previous studies (Scheu and Schaefer, 1998; Joergensen and Scheu, 1999; Krashevska et al., 2010) . Indeed, Krashevska et al. (2010) performed in the Ecuadorian Andes the same nutrient addition as we did but at a higher altitude, and they measured an increase of the fungal biomass by a factor of 6.2 and 7.9 in treatments with CN and CNP, respectively, and an increase of the microbial biomass (mainly bacteria) by a factor of 8 and 16 in treatments with CN and CNP, respectively. The treatments thus enhanced food availability (i.e. microbes) for grazers (Collembola and Oribatida). Collembola density increased with P addition, suggesting they were either limited by P availability or food-limited since microbes were limited by P availability. By contrast, Oribatida density did not increase in enriched plots. Among the predators, Uropodina did not respond to the nutrient additions, but Gamasina did, both in CN and CNP treatments. Accordingly, Maraun et al. (2001) , Scheu and Schaefer (1998) and Krashevska et al. (2010) reported that all meso-and macrofauna taxa do not show a response parallel to that of microorganisms to the nutrient addition, suggesting a differential limitation among litter biota. This may be due to disturbance caused by the macrofauna. Indeed, Maraun et al. (2001) have shown that, in spite of higher food availability, Oribatida and Uropodina were very sensitive to the disturbance caused by earthworms which were more abundant in treated plots. A second reason may be a topdown control of the mesofauna density by predators (spiders, ants). Milton and Kaspari (2007) observed a top-down control of mesofauna densities by ants at a very small scale (100 cm 2 nutrient patches) absorbing the local increase of mesofauna. The non increase in Oribatida density in treatments may be due to a selective top-down control of some of their predators, e.g. Pheidole ants (Wilson, 2005) . However, when considering all taxa pooled (i.e. Collembola, Oribatida, Gamasina, Uropodina), we measured an increase of mesofauna density in CNP treatments, that is, a higher availability of potential prey for the predators of the macrofauna (ants and nonants).
Ants showed a differential response to the nutrient supply, according to their trophic group. The density of omnivores, fungus and nectar eaters did not change with the nutrient supply. Surprisingly, in spite of higher prey availability, we observed a strong decrease of the predatory ant density in both treatments. Among predatory ants, trap-jaw ant density did not increase despite the higher density of Collembola in treatment with CNP. Predatory ants seemed to be limited by another factor, presumably the habitat. This is consistent with the Ecosystem Size Hypothesis (Post et al., 2000) . Shik and Kaspari (2010) demonstrated in a field experiment that food could only become limiting to the litter ant community when nest sites were supplemented on food-enriched plots. Milton and Kaspari (2007) conducted a nutrient (N and P) addition experiment in a Panamanian rainforest at very small scale (100 cm 2 ) and observed a local increase in ant densities but no increase of microbivores abundance. At that scale, ants probably used nutrient patches only as cafeteria, absorbing the local increase in microbivores without suffering from habitat loss.
The density of non-ant macrofauna did not increase with nutrient additions. Among the detritivore/omnivore taxa, Blattodea did not respond to the treatments, but Dermaptera density increased in both treatments, suggesting they were food-limited. Indeed, Dermaptera are polyphagous insects adapting their diet according to the availability of the resources (Ohgushi, 1988) , and may have benefited from the increase of mesofauna density in treated plots. Among predatory taxa, neither predaceous beetles nor arachnid density increased significantly with treatments. Though, silk-spinning invertebrates are known to have high needs in N (Xu and Lewis, 1990; ), but they were presumably limited by another factor in our treated plots: according to the Ecosystem Size Hypothesis, these large predators may have suffered from the loss of habitat.
In the CNP enrichment, P was added as Na 2 HPO 4 , bringing both phosphorus and sodium to the plots. Sodium is carried inland by organic aerosols and the sodium content in rainfall diminishes strongly with increasing distance from the ocean (Stallard and Edmond, 1981) . Our study site is 150 km away from Pacific Ocean, on the Eastern slope of the Andes which act as a natural barrier against oceanic nutrient input ( Stallard and Edmond, 1981; Salati and Vose, 1984) . Furthermore, inland ecosystems with high rainfall may experience significant sodium loss through leaching (Vitousek and Sanford, 1986) . Hence, it is likely that our study area is Na-limited. Sodium shortage is known to slow down the carbon cycle. Indeed, gave experimental evidence that Na addition to the leaf-litter of an inland Amazon forest enhanced litter decomposition rates. Termites, as decomposers, and ants, as predators, increased in enriched plots, suggesting for the latter cascade effects upwards through the food web. However, ants are also Na-limited directly through their metabolic requirements (Kaspari et al., 2008b) . In our study, ant density did not increase in the plots enriched in Na (and P). The positive effect of higher Na availability could have been counterbalanced by some other limiting effect, presumably the negative effect of reduced space (Shik and Kaspari, 2010) .
Tracing carbon fluxes in the BFW
Since root-associated vesicular arbuscular mycorrhizal fungi receive carbon from the plant and are not able to incorporate the added cane sugar (Smith and Read, 1997) , mesofauna organisms feeding on them did not incorporate the added carbon. On the contrary, saprophytic fungi were able to integrate the cane sugar carbon, and grazer organisms feeding on that resource hence integrated the added carbon (Ekblad et al., 2002) . Since 13 C/ 12 C ratio changes very little from one trophic level to another, it is therefore possible to evaluate the ultimate sources of carbon for an organism when the isotopic signatures of the sources are different (Post, 2002; Peterson & Fry, 1987) .
The rate of assimilation of carbon originating from the added cane sugar in grazer tissue (Oribatida and Collembola) indicates that they integrated up to 62% of C4 carbon, suggesting that they fed to some extent on saprophytic fungi and on bacteria, but also partly on the vesicular arbuscular mycorrhizal fungi. Uropodina integrated between 21 and 62% of C4 carbon, the same range of values as grazers (19e62%), suggesting that Uropodina probably fed on these organisms. Gamasina, the other group of predators of the mesofauna, showed higher densities in both treatments, and up to 72% of C4 carbon assimilation rate, suggesting that they fed on prey relying strongly on saprophytic fungi and bacteria. The results of C4 carbon assimilation rates suggest that all the investigated mesofauna taxa integrated at least partly the added carbon, directly by feeding on saprophytic fungi, or indirectly by predation on the grazers, but it did not result in an increase of density, except for Collembola and Gamasina.
Even if we did not observe any increase of global ant density, tracing C4 carbon flux gave evidence that ants differentially integrated the added carbon by feeding on food resources relying or not on saprophytic fungi. Only fungus growers did not integrate the added C4 carbon at all, as they feed specifically on their own fungus. Nectar and honeydew eaters probably integrated small amounts of C4 carbon (0e25%) by feeding partly directly on the sugar. However, the rate of integration is very low as they principally fed on nectar or honeydew, and as plants did not integrate the added carbon. Omnivores are opportunistic feeders and probably fed partly on microbivores or on small arthropods feeding partly on saprophytic fungi (0e50%). Large predators integrated the cane sugar carbon in a low range (2e22%) since they were large and mobile, and they probably fed partly outside the plots on prey that was not in contact with the added carbon. In contrast, small predatory ants integrated C4 carbon to the largest extent (17e60%) since they mainly fed inside the plots (due to their small size and limited foraging extent) on the mesofauna taxa (Oribatida and Collembola also showed 19e62% of C4 carbon integration in their tissue). d 15 N signatures of omnivorous and predatory ants did not change with the sugar (and nutrient) addition, suggesting these animals did not feed directly on the sugar.
These results give a general overview of the food fluxes inside the BFW, from microbes to ants, but we would need further investigation to highlight more specific trophic relationships. However, the combined analysis of isotopic ratios and invertebrate density allowed us to trace the food fluxes in the Brown Food Web and to detect linkages to the decomposer system, even in species which did not respond numerically. The isotopic approach confirms that predatory ants benefited from the nutrient supply to some extent, but some competition may have occurred with other predatory taxa of the macrofauna, reinforcing the unfavorable effect of habitat loss on leaf-litter ants.
